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ABSTRACT 

I n  t h i s  s t u d y  w e  c o n s t r u c t  a s imulator  o f  a data base management s y s t e m  
r u n n i n g  i n  a v i r t u a l  memory envi ronment .  W e  u s e  t h e  s i m u l a t o r  t o  i n -  
v e s t i g a t e  t h e  v a l u e  o f  u s i n g  a n  1/0 b u f f e r  i n  t h i s  env i ronmen t .  The 
s i m u l a t o r  is d r i v e n  by trace d a t a  o b t a i n e d  w i t h  a s o f t w a r e  p r o b e .  
The s i m u l a t o r  is v a l i d a t e d  and  is u s e d  t o  v e r i f y  a t h e o r e t i c a l  model 

whicl; p r e d i c t s  p a g i n g  and  d i s k  access rates produced  by u s e  of a n  1/0 
b u f f e r  i n  a v i r t u a l  memory envi ronment .  R e s u l t s  from a m u l t i - f a c t o r  
set  o f  s i m u l a t i o n  e x p e r i m e n t s  a r e  a n a l y z e d .  The f a c t o r s  i n c l u d e  t h r e e  
page  r ep lacemen t  a l g o r i t h m s ,  f o u r  b u f f e r  management a l g o r i t h m s ,  f i v e  
v i r t u a l  b u f f e r  s i z e s ,  t h r e e  v a l u e s  for rea l  memory and s i x  w e l l  known 
and w i d e l y  d i f f e r i n g  d i s t r i b u t i o n s  f o r  c r e a t i n g  s e q u e n c e s  o f  r e q u e s t s  

t o  t h e  s i m u l a t e d  data  base management s y s t e m .  
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I. INTRODUCTION 

Computer programs t h a t  a r e  I / O  bound, such  as d a t a  b a s e  

management s y s t e m s ,  o f t e n  use p a r t  of p r imary  memory as a 

s t o r a g e  area or b u f f e r  f o r  d a t a  from secondary  memory. 

assume t h e  ove rhead  t o  manage t h e  d a t a  i n  p r imary  memory i s  

n e g l i g i b l e  and t h e  b u f f e r  consumes o t h e r w i s e  u n r e q u i r e d  p r i m a r y  

memory, t h e n  t h e  u s e  of b u f f e r s  c a n  o n l y  improve pe r fo rmance  

due  t o  t h e  f a s t e r  access to pr imary  t h a n  t o  s e c o n d a r y  memory. 

I n  a v i r t u a l  memory sys t em,  t h e  u s e r  i s  t y p i c a l l y  u n a b l e  t o  

c o n t r o l  t h e  a s s ignmen t  of h i s  u s e r  s p a c e  between p r i m a r y  and 

s e c o n d a r y  memory. The u s e  of a b u f f e r  i n  a v i r t u a l  memory sys t em 

may c a u s e  a d e c r e a s e  i n  performance due  t o  c o m p e t i t i o n  f o r  p r i -  

mary memory between t h e  program and t h e  b u f f e r .  Per formance  

c a n  also b e  degraded  by a phenomenon known as d o u b l e  p a g i n g .  

The  dynamics of  d o u b l e  paging w a s  c h a r a c t e r i z e d  by Goldberg  and 

H a s s i n g e r  [l] as t h e  r u n n i n g  of a paged o p e r a t i n g  s y s t e m  u n d e r  

a paged v i r t u a l  machine mon i to r .  W e  d e f i n e  d o u b l e  p a g i n g  as t h e  

management of b u f f e r  s t o r a g e  unde r  t h e  c o n t r o l  of  a paged v i r t u a l  

I f  w e  

memory env i ronmen t .  

W e  r e f e r  t o  t h e  1/0 b u f f e r s  i n  a program r u n n i n g  on a v i r t u a l  

memory sys t em as  v i r t u a l  b u f f e r s .  

t h e  u s e  of v i r t u a l  b u f f e r s ,  w e  conducted  a series o f  s t a t i s t i c a l l y  

d e s i g n e d  and a n a l y z e d  e x p e r i m e n t s  t o  s t u d y  t h e  e f f e c t s  of f o u r  

I n  a p r e v i o u s  e x a m i n a t i o n  [ 21  Of 



f a c t o r s  on performance.  The f a c t o r s  were v i r t u a l  b u f f e r  

r e p l a c e m e n t  a l g o r i t h m ,  v i r t u a l  b u f f e r  s i z e ,  p r i m a r y  memory 

s i z e  and  paging  r e p l a c e m e n t  a l g o r i t h m .  T h i s  series of 2 4 0  

e x p e r i m e n t s  w a s  conduc ted  by r u n n i n g  a d a t a  b a s e  management 

program o n  a d e d i c a t e d  s y s t e m  and measu r ing  t h e  pe r fo rmance  

as w e  v a r i e d  t h e  f a c t o r s .  The d a t a  base management program 

e x e c u t e d  a p rede te rmined  and u n v a r y i n g  s c r i p t .  The envi ronment  i n  

which t h e s e  e x p e r i m e n t s  were conduc ted  i s  s i m i l a r  t o  t h e  c o n t r o l l e d  

l a b o r a t o r y  environment  d e s c r i b e d  i n  [ 3 ] .  We w i l l  r e f e r  t o  t h e s e  

e x p e r i m e n t s  as  t h e  t e s t  bed e x p e r i m e n t s .  

The d i s t r i b u t i o n  o f  1/0 r e q u e s t s  i s  a f u n c t i o n  o f  t h e  

d a t a  b a s e  c o n t e n t  and s t r u c t u r e ,  t h e  d a t a  base management s y s -  

t e m  and t h e  s c r i p t .  I t  i s  i m p o s s i b l e  t o  v a r y  t h e  d i s t r i b u t i o n  

o f  d a t a  base  r e q u e s t s  i n  a c o n t r o l l e d  manner i n  t h e  t e s t  bed 

e x p e r i m e n t s .  I n  t h i s  s t u d y  w e  v a r y  t h e  d i s t r i b u t i o n  o f  

d a t a  b a s e  r e q u e s t s  i n  a c o n t r o l l e d  env i ronmen t  t h r o u g h  s i m u l a -  

t i o n  t o  ex tend  o u r  p r e v i o u s  r e s u l t s  and i n v e s t i q a t e  t h e  e f f e c t s  

of  t h e  d i s t r i b u t i o n  o f  d a t a  b a s e  r e q u e s t s  on t h e  pe r fo rmance  

metrics used i n  our p r e v i o u s  s t u d y .  S i m u l a t i o n  is  t h e  o n l y  

t e c h n i q u e  a v a i l a b l e  f o r  e x t e n d i n g  o u r  p r e v i o u s  i n v e s t i g a t i o n s  t o  

i n c l u d e  c o n t r o l l e d  d i s t r i b u t i o n s  of r e q u e s t s .  

Our s i m u l a t o r  u s e s  t r ace  d a t a  a s  d e f i n e d  i n  [ 4 ]  f rom a m o d i f i e d  

t e s t  bed exper iment  t o  s i m u l a t e  t h e  p a g i n g  e f f e c t s  of t h e  o p e r a t i n g  

s y s t e m  and data  base management s y s t e m .  The t race  da ta  is a l s o  

used  t o  d e t e r m i n e  when t o  r e q u e s t  i n f o r m a t i o n  from t h e  d a t a  

b a s e .  The l o c a t i o n  of t h e  i n f o r m a t i o n  i n  t h e  da ta  b a s e  c a n  be 

o b t a i n e d  from t h e  t race d a t a  or c a n  be g e n e r a t e d  i n  a c o n t r o l l e d  

manner.  The s i m u l a t o r  i s  v a l i d a t e d  by  comparing i t s  pe r fo rmance  

t o  t h e  t e s t  bed e x p e r i m e n t s .  The s i m u l a t o r  i s  a l s o  used  t o  
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v e r i f y  a t h e o r e t i c a l  model developed  i n  t h e  p r e v i o u s  s t u d y .  

A se t  of s i m u l a t i o n  expe r imen t s  are t h e n  r u n  which r e p e a t  t h e  

t e s t  bed e x p e r i m e n t s  f o r  s i x  d i f f e r e n t  d a t a  base r e q u e s t  

d i s t r i b u t i o n s .  

W e  compare v a r i o u s  per formance  metrics f r o m  o u r  tes t  bed 

e x p e r i m e n t s  t o  o u r  s i m u l a t i o n  e x p e r i m e n t s .  Many o b s e r v e d  t r e n d s  

i n  t h e  per formance  data  of t h e  test bed e x p e r i m e n t s  o c c u r  a g a i n  

i n  t h e  per formance  a n a l y s i s  of o u r  s i m u l a t i o n  e x p e r i m e n t s  f o r  

v a r i o u s  d i s t r i b u t i o n s .  W e  re la te  t h e  d i f f e r e n c e s  i n  t h e  p e r f o r -  

mance d a t a  t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  d i s t r i b u t i o n s .  The 

s i m u l a t i o n  e x p e r i m e n t s  show t h a t  o u r  t e s t  bed r e s u l t s  are  n o t  

un ique  due  t o  p e c u l i a r i t i e s  i n  t h e  o r i g i n a l  d a t a  b a s e  r e q u e s t  

d i s t r i b u t i o n .  The d i f f e r e n c e s  i n  t h e  pe r fo rmance  of t h e  s imula -  

t i o n  e x p e r i m e n t s  and t h e  test bed r e s u l t s  a r e  comprehens ib l e  anc! 

r e a s o n a b l e  and g e n e r a t e  c o n f i d e n c e  t h a t  t h e  s i m u l a t o r  i s  a good 

t o o l  t o  i n v e s t i g a t e  f u r t h e r  e x t e n s i o n s  of o u r  t e s t  bed e x p e r i m e n t s .  

11. ENVIRONMENT AND THE COLLECTION O F  TRACE DATA 

W e  c o l l e c t e d  t h e  trace d a t a  f o r  t h e  s i m u l a t i o n  program 

by i n s t r u m e n t i n g  an  o p e r a t i n g  sys t em w i t h  a s o f t w a r e  p robe .  

The a p p l i c a t i o n  program, a p r o t o t y p e  data  b a s e  management (DBM) 

sys t em,was  r u n  on a d e d i c a t e d  machine w i t h  t h e  s o f t w a r e  p r o b e  

c o l l e c t i n g  s i g n i f i c a n t  e v e n t s  on t a p e  f o r  l a te r  a n a l y s i s .  

The  DBM sys t em e x e c u t e d  a s c r i p t  of d a t a  b a s e  r e q u e s t s .  

s c r i p t  co inp le t e ly  t r a v e r s e d  t h e  data  base and  caused  r e a d i n g ,  

i n s e r t i o n  and  d e l e t i o n  of d a t a  as it was e x e c u t e d .  

The 
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The DBM sys t em o r g a n i z e s  d a t a  i n  a tree s t r u c t u r e d  format. 

Reques t s  a r e  made i n  a series o f  i n t e r a c t i v e  p r i m i t i v e  f u n c t i o n s  

t h a t  per form e l e m e n t a r y  o p e r a t i o n s  upon t h e  d a t a  b a s e .  

names and p o i n t e r s  are encoded i n  4 0  word segments .  These 4 0  

The d a t a ,  

I h a s  locked  i n  memory and c a n  n o t  i n t e r a c t  w i t h  t h e  p a g i n g  p ro -  

word segments can  be  t a r g e t  segments  or  l i n k s  t o  t a r g e t  

segments  and w i l l  be  r e f e r r e d  t o  as data  base segments .  One 

p h y s i c a l  r e c o r d  on d i s k  c o n t a i n s  e l e v e n  d a t a  b a s e  segments  

( 4 4 0  words i n  1 r e c o r d )  and i n f o r m a t i o n  i s  r e a d  from t h e  d i s k  

i n  p h y s i c a l  r e c o r d s .  Even though o u r  r e c o r d  s i z e  i s  smaller 

t h a n  t h e  page s i z e  ( 5 1 2  words)  w e  s tore  e a c h  r e c o r d  on a d i f f e r e n t  

v i r t u a l  b u f f e r  page t o  a v o i d  p h y s i c a l  page boundary o v e r l a p .  The 

DBM v i r t u a l  b u f f e r  s i z e  i s  f i x e d  when t h e  DBM program i s  i n i t i a t e d  

and c a n  consume up t o  32K words of  v i r t u a l  memory. The d a t a  

b a s e  accessed  b y  t h e  s c r i p t  i s  a 7 level  t ree  s t r u c t u r e  and 

c o n s i s t s  p r i m a r i l y  of  i n t e g e r  and f l o a t i n g  p o i n t  numbers d e s c r i b i n g  

t h e  geometry o f  a n  a i r c r a f t  s t r u c t u r e .  

The DBM sys t em w a s  e x e c u t e d  on a m u l t i - u s e r  d i s k  o p e r a t i n g  

sys t em running  on a PRIME 300 minicomputer .  The PRIME 300 c a n  

s u p p o r t  up t o  256K words ( 1 6  b i t s  p e r  word) of memory when 

u t i l i z i n g  i t s  v i r t u a l  memory c a p a b i l i t y .  Our PRIME 300 h a s  64K 

words of memory and u s e s  2 moving head d i s k s  f o r  p a g i n g  and 

f i l e  s t o r a g e .  Each u s e r  i s  g i v e n  a v i r t u a l  a d d r e s s  s p a c e  of 

6 4 K  words.  A more d e t a i l e d  d e s c r i p t i o n  of t h e  envi ronment  c a n  b e  

found i n  [ 2 1 .  

- 

The software p robe  i s  l o c a t e d  i n  a page  t h a t  t h e  sys t em 

cess. The probe r e c o r d s  e v e n t s  t h a t  c a u s e  a s i g n i f i c a n t  change 

i n  t h e  system. Examples of t h e s e  e v e n t s  are: 1) a u s e r  i s s u e s  

4 



a n  SVC (service r e q u e s t ) ;  2) a r e q u e s t  i s  made t o  a p e r i p h e r a l  

d e v i c e ;  and 3 )  a r e f e r e n c e  b i t  has been  set .  Every v i r t u a l  

page  h a s  a r e f e r e n c e  b i t  a s s o c i a t e d  w i t h  it. A r e f e r e n c e  t o  

a page  whose r e f e r e n c e  b i t  i s  n o t  se t  c a u s e s  t h e  r e f e r e n c e  b i t  

t o  be set .  A l l  r e f e r e n c e  b i t s  are reset whenever a page  f a u l t  

o c c u r s .  

Our trace d a t a  c o n s i s t s  e n t i r e l y  of  t h e  r e f e r e n c e  b i t  

e v e n t s .  The d a t a  collected by t h e  p r o b e  a t  t h e  same t i m e  t h e  

r e f e r e n c e  b i t  w a s  set  c o n t a i n s  i n f o r m a t i o n  s u f f i c i e n t  t o  deduce :  

1) whether  a page  f a u l t  o c c u r r e d ,  2) the  v i r t u a l  page  and r e a l  

page  b e i n g  r e f e r e n c e d ,  3 )  t h e  owner of t h e  v i r t u a l  p a g e ,  

4 )  t h e  t i m e  and 5)  t h e  v i r t u a l  page  and rea l  page  b e i n g  re- 

p l a c e d  if a page  f a u l t  occu r red .  The o r i g i n  of t h e  i3Bi.i v i r t u a l  b u f f e r  

was f i x e d  a t  a p a r t i c u l a r  l o c a t i o n  so t h a t  r e f e r e n c e s  t o  t h e  v i r t u a l  

b u f f e r  c o u l d  be i d e n t i f i e d  i n  t h e  t race d a t a .  T h e  s i ze  of t h e  

v i r t u a l  b u f f e r  i s  chosen  large enough t o  c o n t a i n  t h e  e n t i r e  d a t a  

b a s e  on t h e  r u n  t h a t  g a t h e r e d  t h e  t race da ta .  Although g a t h e r i n g  

t h e  data  needed f o r  o u r  s i m u l a t o r  d o e s  n o t  r e q u i r e  t h a t  t h e  e n -  

t i r e  d a t a  base f i t  i n  t h e  v i r t u a l  b u f f e r ,  i t  i s  more c o n v e n i e n t  t o  

c o l l e c t  t h e  d a t a  i n  t h i s  c o n f i g u r a t i o n .  The c h o i c e  of t h e  v i r -  

t u a l  b u f f e r  manager d o e s  n o t  a f fec t  t h e  trace d a t a  s i n c e  no r e c o r d s  

are r e p l a c e d  i n  t h e  v i r t u a l  b u f f e r .  

The r u n  t h a t  gathered t h e  t race d a t a  w a s  c o n f i g u r e d  t o  u s e  

t h e  least  amount of real  memory poss ib le  (32K) so t h a t  t h e  page  

f a u l t s  and t h e r e f o r e  t h e  number of  r e f e r e n c e  b i t  e v e n t s  would be 

a s  h i g h  as  p o s s i b l e .  We used t h e  s t a n d a r d  f irst  i n  - f i rs t  o u t  

(FIFO) page rep lacemen t  a l g o r i t h m  i n  g a t h e r i n g  t h e  t race da ta .  
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A t o t a l  o f  5 2 , 3 4 1  r e f e r e n c e  b i t  e v e n t s  were g e n e r a t e d  o f  which 

6716 w e r e  accompanied by page  f a u l t s .  Al though most s t r i n g s  o f  

r e f e r e n c e  e v e n t s  be tween page  f a u l t s  were q u i t e  s h o r t ,  t h e r e  w a s  

a n  o c c a s i o n a l  l o n g  s t r i n g  o f  r e f e r e n c e  e v e n t s  between page  f a u l t s .  

The FIFO page  r ep lacemen t  a l g o r i t h m  w a s  m o d i f i e d  t o  clear 

t h e  r e f e r e n c e  b i t s  o f  a l l  t h e  v i r t u a l  p a g e s  if 10 c o n s e c u t i v e  

r e f e r e n c e  e v e n t s  o c c u r r e d  w i t h o u t  a page  f a u l t .  T h i s  e l i m i n a t e s  

t h e  l o n g  s t r i n g s  o f  r e f e r e n c e  b i t  e v e n t s .  The t race  d a t a  

which w a s  used i n  a l l  t h e  s i m u l a t i o n s  and v a l i d a t i o n  e x p e r i m e n t s  

w a s  c o l l e c t e d  w i t h  t h e  m o d i f i e d  FIFO page  r ep lacemen t  a l g o r i t h m .  

A t o t a l  o f  372,287 r e f e r e n c e  e v e n t s  w e r e  g e n e r a t e d  o f  which 6709 

were accompanied by page  f a u l t s .  I n s t r u m e n t a t i o n  of  t h e  DBV 

showed t h a t  t he re  were 1 3 , 9 9 6  r e f e r e n c e s  t o  d a t a  b a s e  segmen t s .  

T h e s e  r e f e r e n c e s  would c a u s e  1075 d i s k  accesses i f  o n l y  a one  page  

v i r t u a l  b u f f e r  were a v a i l a b l e  s i n c e  t h e  d a t a  c o n t a i n e d  1075 r e c o r d  

t r a n s i t i o n s .  The  t race  d a t a  had 13,831 r e f e r e n c e s  t o  d a t a  b a s e  

segments  d i s t r i b u t e d  o v e r  a sequence  of 1 0 7 1  r e c o r d  t r a n s i t i o n s .  

111. DESCRIPTION OF THE SIMULATION MODEL 

The s i m u l a t i o n  model c o n s i s t s  o f  an i n i t i a l i z e r ,  v i r t u a l  

b u f f e r  manager, page  r e p l a c e m e n t  a l g o r i t h m  and pe r fo rmance  

r e p o r t e r .  The program i s  i n i t i a l i z e d  w i t h  a r ea l  memory s i z e  

and v i r t u a l  b u f f e r  s i z e .  V a r i o u s  p a g i n g  and b u f f e r  t ab l e s  are t h e n  

i n i t i a l i z e d .  The trace d a t a  c o n s i s t s  of  t h e  r e f e r e n c e  s t r i n g .  Each 

e l e m e n t  o f  t h e  s t r i n g  i s  r e a d  by t h e  model and t r e a t e d  a s  a v i r t u a l  

page  a d d r e s s .  I f  t h e  v i r t u a l  page a d d r e s s  i s  n o t  a v i r t u a l  

b u f f e r  reference,  it i s  p a s s e d  t o  t h e  page  r e p l a c e m e n t  a l g o r i t h m .  
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If t h e  v i r t u a l  page  a d d r e s s  i s  a v i r t u a l  b u f f e r  r e f e r e n c e ,  t h e  

b u f f e r  manager must i n s u r e  t h a t  t h e  c o r r e s p o n d i n g  record i s  

i n  t h e  v i r t u a l  b u f f e r .  If t h e  r e c o r d  i s  i n  t h e  v i r t u a l  b u f f e r ,  

t h e  v i r t u a l  page  a d d r e s s  of t h e  v i r t u a l  b u f f e r  i n  which t h e  

r e c o r d  i s  l o c a t e d  i s  p a s s e d  t o  t h e  page  r e p l a c e m e n t  a l g o r i t h m .  

I f  t h e  r e c o r d  i s  n o t  i n  t h e  v i r t u a l  b u f f e r ,  t h e  b u f f e r  manager 

selects a r e c o r d  t o  be r e p l a c e d  and p u t s  t h e  new record i n  i t s  

p l a c e .  The v i r t u a l  page  a d d r e s s  o f  t h e  v i r t u a l  b u f f e r  i n  which 

t h e  new r e c o r d  i s  p l a c e d  is  passed  t o  t h e  page r e p l a c e m e n t  

a l g o r i t h m .  

The page  r ep lacemen t  a l g o r i t h m  compares t h e  v i r t u a l  page  

a d d r e s s  w i t h  t h e  v i r t u a l  pages i n  r ea l  memory. I f  t h e  v i r t u a l  

page  i s  found i n  r e a l  memory, t h e  v i r t u a l  page r e f e r e n c e  i s  

n o t e d  and t h e  n e x t  v i r t u a l  page a d d r e s s  i s  r e q u e s t e d  from t h e  

trace d a t a .  I f  t h e  r e f e r e n c e d  v i r t u a l  page  is  n o t  found i n  

r ea l  memory, t h e  page r ep lacemen t  a l g o r i t h m  removes a v i r t u a l  

page  from rea l  memory a n d r e p l a c e s  it w i t h  t h e  r e f e r e n c e d  v i r t u a l  

page .  The n e x t  v i r t u a l  page a d d r e s s  i s  r e q u e s t e d  from t h e  t race  

d a t a .  The  f l o w  is  summarized i n  F i g u r e  I .  

When t h e  trace da ta  i s  e x h a u s t e d  t h e  pe r fo rmance  r e p o r t e r  

p r e s e n t s  t h e  s t a t i s t i c s  g a t h e r e d  d u r i n g  t h e  r u n .  These  

s t a t i s t i c s  i n c l u d e ;  number of page  f a u l t s ,  a v e r a g e  number o f  

r ea l  pages  used  by t h e  v i r t u a l  b u f f e r  (average b u f f e r  s i z e ) ,  

number o f  t i m e s  a r e f e r e n c e  t o  a r e c o r d  i n  t h e  v i r t u a l  b u f f e r  

c a u s e d  a page  f a u l t  ( r e f e r e n c e  f a u l t s ) ,  t h e  number o f  t i m e s  

t h e  v i r t u a l  b d f f e r  manager caused  a page  f a u l t  when it t r i e d  

t o  r e p l a c e  a record ( d o u b l e  page f a u l t ) ,  and t h e  number of 

t i m e s  t h e  v i r t u a l  b u f f e r  manager r e a d  i n  a r e c o r d  (I/O access) .  
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I V .  VALIDATION OF THE MODEL 

The s i m u l a t i o n  model d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  

is  e x t r e m e l y  s i m p l e .  The trace d a t a  d o e s  n o t  c o n t a i n  a l l  t h e  

v i r t u a l  page  r e f e r e n c e s  a l t h o u g h  s i m i l a r  d a t a  h a s  been  u s e d  

s u c c e s s f u l l y  t o  s i m u l a t e  pag ing  i n  t h e  CP-67 s i m u l a t o r  [ 5 ] .  

T o  v a l i d a t e  t h e  s i m u l a t o r ,  w e  s i m u l a t e  t h e  2 4 0  t e s t  bed ex-  

p e r i m e n t s  t h a t  w e  had p r e v i o u s l y  r u n .  W e  u s e  3 page r e p l a c e -  

ment a l g o r i t h m s ;  f i r s t  i n - f i r s t  o u t  (F IFO) ,  random (RAND) and 

second  chance [61 (SCH). The SCH a l g o r i t h m  i s  a l so  known as 

t h e  M u l t i c s  a l g o r i t h m  [71 and t h e  u se  b i t  a l g o r i t h m  [8]. W e  

s i m u l a t e  4 v i r t u a l  b u f f e r  managers;  FIFO,  RAND, SCH and l e a s t  

r e c e n t l y  used ( L R U ) .  W e  choose  v i r t u a l  b u f f e r  s i z e s  o f  1, 5 ,  

1 0 ,  1 5  and 20  p a g e s .  W e  s e t  t h e  t o t a l  amount o f  r e a l  memory 

a v a i l a b l e  t o  t h e  sys t em t o  3 6 K ,  4 0 K ,  4 4 K  and  4 8 K .  

The f o u r  f a c t o r s ,  v i r t u a l  b u f f e r  s i z e ,  r e a l  memory s i z e ,  

v i r t u a l  b u f f e r  manager and page r ep lacemen t  a l g o r i t h m  have  f i v e ,  

f o u r ,  f o u r  and t h r e e  l e v e l s  of i n t e r e s t  r e s p e c t i v e l y .  W e  

s i m u l a t e d  t h e  comple t e  5 by 4 by 4 by 3 f a c t o r i a l  e x p e r i m e n t  

c o n s i s t i n g  of a l l  2 4 0  combina t ions .  

To compare t h e  s i m u l a t e d  f a c t o r i a l  e x p e r i m e n t s  and t h e  

tes t  bed f a c t o r i a l  e x p e r i m e n t s  w e  u s e  5 p r imary  measu res  and 5 

s e c o n d a r y  measures  o f  sys t em pe r fo rmance .  The 5 p r i m a r y  measu res  

a re  numbers of page  f a u l t s ,  r e f e r e n c e  f a u l t s ,  d o u b l e  page  f a u l t s ,  

1/0 a c c e s s e s  and a v e r a g e  b u f f e r  s i ze .  The 5 s e c o n d a r y  measu res  a r e ;  

number o f  times t h e  r e f e r e n c e  b i t  is set  w i t h o u t  c a u s i n g  a 

page  f a u l t  ( re fe rence  s e t s ) ,  t h e  a v e r a g e  number of page  f a u l t s  
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o u t s i d e  t h e  v i r t u a l  b u f f e r  between page  f a u l t s  w i t h i n  the 

v i r t u a l  b u f f e r  (mean) ,  t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  number 

of page  f a u l t s  o u t s i d e  t h e  v i r t u a l  b u f f e r  between page  f a u l t s  

w i t h i n  t h e  v i r t u a l  b u f f e r  ( s t a n d a r d  d e v i a t i o n ) ,  t h e  number o f  

t i m e s  a page  i n  t h e  v i r t u a l  b u f f e r  r e p l a c e s  a page  n o t  i n  t h e  

b u f f e r  (BRP)  and t h e  number of t i m e s  a page  i n  t h e  v i r t u a l  

b u f f e r  i s  r e p l a c e d  by a page n o t  i n  t h e  b u f f e r  ( P R B ) .  

Wi th  t h e  e x c e p t i o n  of  1/0 accesses, r e l a t i v e  e r r o r s  between 

c o r r e s p o n d i n g  measu res  are computed f o r  a l l  240 e x p e r i m e n t s .  

We d e f i n e  t h e  r e l a t i v e  error t o  be  100* ABS [(SIMULATED MEASURE - 

TEST BED MEASURE)/ABS (TEST BED MEASURE)]. 

The a v e r a g e  v a l u e s  of  t h e  r e l a t i v e  e r r o r s  f o r  a l l  of t h e  

p r i m a r y  measu res  e x c e p t  1/0 a c c e s s e s  a re  shown i n  F i g u r e  11. The 

a v e r a g e  v a l u e s  of t h e  r e l a t i v e  e r r o r s  f o r  t h e  s e c o n d a r y  measu res  

are  d i s p l a y e d  i n  F i g u r e  111. A compar ison  of 1/0 a c c e s s e s  i s  

p r e s e n t e d  s e p a r a t e l y  i n  Table  I s i n c e  t h e  1/0 a c c e s s e s  a re  i n -  

v a r i a n t  w i t h  r e s p e c t  t o  t h e  real  memory s i ze  and p a g i n g  a l g o r i t h m .  

A sample  set of d a t a  from t h e  tes t  bed and t h e  s i m u l a t i o n  is 

p r e s e n t e d  i n  Tab le  11. 

Some o f  t h e  a v e r a g e  r e l a t i v e  e r r o r s  f o r  t h e  smaller v i r t u a l  

b u f f e r  s izes  a re  r a t h e r  l a r g e .  An e x a m i n a t i o n  of T a b l e  I1 shows 

t h a t  t h e  v a l u e  of  a p a r t i c u l a r  measure  may r a n g e  o v e r  s e v e r a l  

o rders  of magni tude .  The  r e l a t i v e  e r r o r s  of small  numbers t e n d  

t o  be l a r g e  i n  ou r  compar isons  due  p r i m a r i l y  t o  d i f f e r e n c e s  i n  

i n i t i a l  c o n d i t i o n s  of t h e  t e s t  bed and s i m u l a t i o n  e x p e r i m e n t s .  

Fo r  example d i f f e r e n c e s  i n  r e f e r e n c e  f a u l t s  i n  T a b l e  I1 c a u s e  r e l a t i v e p e l  

c e n t a g e  e r r o r s  o f  75%, 31%, 18%, 691, and 3% f o r  v i r t u a l  b u f f e r  
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s i z e s  1 th rough  20. The change  i n  m a g n i t u d e s  of t h e  v a l u e s  

f o r  m o s t  of t h e  measu res  p r e s e n t e d  i n  F i g u r e s  I1 and  I11 a c c o u n t  

f o r  t h e i r  h igh  a v e r a g e  r e l a t i v e  error  i n  t h e  f i rs t  f e w  b u f f e r  

s i z e s .  The a v e r a g e  r e l a t i v e  e r rors  a t  v i r t u a l  b u f f e r  s i z e s  1 0 ,  

15,  and 20 g i v e  a more a c c u r a t e  a c c o u n t  o f  t h e  close c o r r e s p o n d e n c e  

between s i m u l a t e d  e x p e r i m e n t s  and  t h e  t e s t  bed  e x p e r i m e n t s .  The 

mean and s t a n d a r d  d e v i a t i o n  measu res  have  h i g h  r e l a t i v e  errors 

i n  t h e  cases w i t h  s m a l l  v i r t u a l  b u f f e r  s izes  b e c a u s e  t h e y  are 

c a l c u l a t e d  w i t h  o n l y  a few samples  (number samples = r e f e r e n c e  

f a u l t s  + double  page  f a u l t s )  when t h e  v i r t u a l  b u f f e r s  are  s m a l l .  

The  s i m u l a t i o n  o f  t h e  t e s t  bed  e x p e r i m e n t s  yields p e r f o r -  

mance r e s u l t s  t h a t  are  g e n e r a l l y  i n  good agreement  w i t h  t h e  t e s t  

bed r e s u l t s .  All of  t h e  known t r e n d s  i n  t h e  t e s t  bed pe r fo rmance  

a re  obse rved  i n  t h e  pe r fo rmance  d a t a  of t h e  s i m u l a t i o n  e x p e r i m e n t s .  

The c lose  co r re spondence  o f  t h e  s i m u l a t i o n  r e s u l t s  and  t h e  t e s t  

bed  r e s u l t s  f o r  a l l  240 d i f f e r e n t  e x p e r i m e n t s  d e m o n s t r a t e s  t h e  

v a l i d i t y  of t h e  s i m u l a t o r .  

V .  VERIFICATION O F  THE THEORETICAL MODEL 

In  our p r e v i o u s  p a p e r  [ 2 ] ,  w e  deve loped  a v e r y  s i m p l e  t h e o -  

r e t i c a l  model which p r e d i c t s  t o t a l  1/0 p e r  d a t a  base r e q u e s t  ( T )  

i n  t h e  v i r t u a l  b u f f e r  a s  a f u n c t i o n  o f  v i r t u a l  b u f f e r  s i z e  i n  

p a g e s  ( N ) ,  pages  o f  real  s t o r a g e  a v a i l a b l e  f o r  t h e  v i r t u a l  b u f f e r  (M) 

and number of p a g e s  i n  t h e  d a t a  b a s e  ( D ) .  The model assumes  t h a t  

random d a t a  b a s e  r e q u e s t s  a re  u n i f o r m l y  d i s t r i b u t e d ,  u s e s  t h e  RAND 

page  rep lacement  a l g o r i t h m  and t h e  RAND b u f f e r  manager .  T o t a l  1/0 

i n  t h e  v i r t u a l  b u f f e r  i s  g i v e n  by 
.. 
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N T ( M , N , D )  = (1- page f a u l t s  + (1-5) I/O accesses 

f o r  1 < M < N < D .  - - - 
The tes t  bed e x p e r i m e n t s  were u n a b l e  t o  v e r i f y  t h e  a c c u r a c y  

of t h e  model s i n c e  w e  c o u l d  not  c o n t r o l  t h e  d i s t r i b u t i o n  o f  d a t a  

base r e q u e s t s .  However, w e  d i d  v e r i f y  t h a t  t h e  t r e n d s  p red ic t ed  

by t h e  model w e r e  f o l l o w e d  i n  t h e  t es t  bed e x p e r i m e n t s .  

With t h e  s i m u l a t o r ,  w e  are able t o  i n v e s t i g a t e  t h e  combina t ion  

of RAND page  r e p l a c e m e n t ,  RAND b u f f e r  manager  and  a un i fo rm d i s -  

t r i b u t i o n  of random r e q u e s t s  f o r  d a t a  b a s e  segmen t s .  Compe t i t i on  

f o r  rea l  memory f r o m  t h e  program and s y s t e m  and  t h e  amount o f  rea l  

memory a v a i l a b l e  are n o t  e x p l i c i t l y  i n c l u d e d  i n  t h e  t h e o r e t i c a l  

model a l though t h e y  are s i g n i f i c a n t  f a c t o r s  i n  t h e  s i m u l a t o r  and 

t h e  t race  data .  The s i m u l a t o r  u s e s  a g loba l  p a g i n g  a l g o r i t h m  and 

does n o t  a l loca te  a f i x e d  amount of real  memory t o  t h e  v i r t u a l  

b u f f e r .  T h e  pe r fo rmance  measure, a v e r a g e  b u f f e r  s i z e ,  computed b y  

t h e  s i m u l a t o r  is u s e d  as  M i n  t h e  model. W e  c o n t e n d  t h a t  u s i n g  

a v e r a g e  b u f f e r  s ize  i n  p lace  of M i n  t h e  t heo re t i ca l  model s h o u l d  

r e f l ec t  t h e  v a l u e  f o r  t h e  amount of real  m e m o r y  i n  t h e  v i r t u a l  

b u f f e r  and  compensate  f o r  t h e  c o m p e t i t i o n  f o r  t h e  r ea l  memory 

between t h e  b u f f e r  and  t h e  program. 

Table I11 c o n t a i n s  t h e  r e s u l t s  o f  t h e  pe r fo rmance  of t h e  

s i m u l a t o r  and  t h e  p r e d i c t i o n s  of  t h e  model u s i n g  t h e  a v e r a g e  

b u f f e r  s izes  c a l c u l a t e d  b y  t h e  s i m u l a t o r  f o r  M .  The  c l o s e  agree- 

ment i n  t h e  t a b l e  v a l u e s  i n d i c a t e s  t h a t  t h e  o b s e r v e d  a v e r a g e  b u f f e r  

s ize  d o e s  r e f l ec t  t h e  v a l u e  f o r  t h e  amount of real  memory i n  t h e  

v i r t u a l  b u f f e r  and  c o m p e t i t i o n  f o r  real  memory  between t h e  program 

and t h e  b u f f e r .  
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VI. SIMULATION EXPERIMENTS 

The s i m u l a t i o n  e x p e r i m e n t s  are v e r y  s i m i l a r  t o  t h e  v a l i d a t i o n  

e x p e r i m e n t s .  The same 3 page r ep lacemen t  a l g o r i t h m s ,  4 b u f f e r  

management a lgor i thms and 5 v i r t u a l  b u f f e r  s i ze s  are s i m u l a t e d .  

The three largest  r ea l  memory s izes  are s i m u l a t e d .  We d e c i d e d  n o t  

t o  s i m u l a t e  t h e  36K rea l  memory s i ze  b e c a u s e  o u r  t es t  bed e x p e r i -  

ments  i n d i c a t e d  t h e  per formance  t r e n d s  were v e r y  s imi l a r  t o  t h e  

e x p e r i m e n t s  w i t h  t h e  40K memory s i ze .  

For these e x p e r i m e n t s ,  t h e  s i m u l a t o r  u s e s  t h e  s a m e  trace da ta  

u s e d  i n  t h e  v a l i d a t i o n  e x p e r i m e n t s .  Data base access r e q u e s t s  are  

replaced b y  r e q u e s t s  g e n e r a t e d  from o n e  of S ~ X  d i s t r i b u t i o n s .  The 

data base i s  s t i l l  treated as though it w a s  45  pages  l o n g  and  c o n s i s t c  

of 495 d a t a  base segmen t s .  Three  of  t h e  s i x  da ta  base r e q u e s t  d i s -  

t r i b u t i o n s  g e n e r a t e  s t r i n g  o r i e n t e d  r e q u e s t s .  The  o t h e r  d i s t r i -  

b u t i o n s  are w e l l  known and w e  p i c k e d  these  d i s t r i b u t i o n s  b e c a u s e  

t h e y  d i f f e r e d  s i g n i f i c a n t l y  f rom o u r  o r i g i n a l  t race  da ta  d i s t r i b i t i o n E  

More r e a l i s t i c  models f o r  da t a  base reference s t r i n g s  [ 9 1  c a n  e a s i l y  

be adapted as i n p u t  fo r  o u r  s i m u l a t o r .  

T h r e e  of o u r  d i s t r i b u t i o n s  a r e  t h e  random ( R A l ) ,  b i n o m i a l  (BI1) 

and P o i s s o n  (Pol). A sample from 1 t o  495 i s  g e n e r a t e d  from one  o f  

these three  d i s t r i b u t i o n s  whenever t h e  trace data  i n d i c a t e s  t h a t  

an  access t o  t h e  data  base is  r e q u i r e d .  The sample is t r a n s l a t e d  

i n t o  a d i s k  r e c o r d  f rom 1 t o  45 and t h e  b u f f e r  manager is p r e s e n t e d  

w i t h  t h e  request.  The s t r i n g  o r i e n t e d  d i s t r i b u t i o n s  are  g e n e r a t e d  

by t r e a t i n g  t h e  495 data  base s e g m e n t s  a s  i f  t h e y  w e r e  i n  a b i n a r y  

tree w i t h  t h e  r o o t  node b e i n g  da t a  segment  1, t h e  2 nodes  attached 
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t o  d a t a  segment 1 are nodes 2 and 3, and c o n t i n u i n g  down:n ine  

l e v e l s  where t h e  nodes  are numbered 256 t o  495. We g e n e r a t e  a 

s t r i n g  of 9 d a t a  base segment r e f e r e n c e s  f rom t h i s  t ree  by gen- 

e r a t i n g  a number from 256 t o  495 b y  s a m p l i n g  from t h e  random (RAS), 

b i n o m i a l  ( B I S )  o r  P o i s s o n  (POS) d i s t r i b u t i o n s .  The sample and  

t h e  8 nodes  t h a t  must be t r a v e r s e d  t o  reach t h a t  sample  c o n s t i t u t e  

o u r  9 s t r i n g  sequence  of d a t a  segmen t s .  The s t r i n g  o f  9 d a t a  

segments  maps i n t o  6 or 7 d i s t i n c t  d i s k  r e c o r d s  and  t h e y  are  i s s u e d  

i n  sequence  t o  t h e  b u f f e r  manager d u r i n g  t h i s  r e q u e s t  f o r  a d a t a  base 

access and t h e  n e x t  8 r e q u e s t s .  

The f i v e  e x p e r i m e n t a l  f a c t o r s  , v i r t u a l  b u f f e r  s i z e ,  rea l  

memory s i z e ,  b u f f e r  management a l g o r i t h m ,  page  r e p l a c e m e n t  algo- 

r i t h m  and  d i s t r i b u t i o n  of d a t a  b a s e  r e q u e s t s  have  5 ,  3 ,  4 ,  3 and 

6 l e v e l s  o f  interest  r e s p e c t i v e l y .  T h e r e  are 1080 p o s s i b l e  com- 

b i n a t i o n s  and a l l  of  t h e  combina t ions  a re  s i m u l a t e d .  

V I  I .  RESULTS O F  SIMULATION EXPERIMENTS 

I t  is i m p o s s i b l e  t o  p r e s e n t  t h e  mass of  data  g e n e r a t e d  b y  

a l l  of t h e  s i m u l a t i o n  e x p e r i m e n t s .  R e p r e s e n t a t i v e  f i g u r e s  and 

tables  w i l l  be  p r o v i d e d  i n  o r d e r  t o  omi t  c o n g e s t i o n .  Whenever 

p o s s i b l e  o u r  t e c h n i q u e  i n  p r e s e n t i n g  t h e  s i m u l a t i o n  r e s u l t s  w i l l  

be  t o  u s e  t h e  test bed  resul ts  i n  121 as  a f o c u s  f o r  compar ison .  

I n  o u r  a n a l y s i s  w e  d i s t i n g u i s h  be tween  1/0 i n  t h e  v i r t u a l  b u f f e r  

and 1/0 r e s u l t i n g  from program p a g i n g .  The b u f f e r  1/0 is f u r t h e r  

c l a s s i f i e d  as 1/0 accesses, doub le  page  f a u l t s  and r e f e r e n c e  f a u l t s .  

Tota l  1/0 i n  t h e  v i r t u a l  b u f f e r  w i l l  be d i s c u s s e d  a f t e r  e x a m i n a t i o n  

of its coinponents. F i n a l l y ,  t h e  t o t a l  cost  of e x e c u t i n g  t h e  s c r i p t  

w i l l  be compared t o  t h e  tes t  bed r e s u l t s .  
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The I/O access for the test  bed recults are p r e s e n t e d  in 

T a b l e  I .  The better per formance  of t h e  RAND buf fe r  manager a t  

v i r t u a l  b u f f e r  s izes 10 and  15 w a s  a n  unex;?ected r e s u l t .  

An a n a l y s i s  of t h e  o r i g i n a l  data  base r e f e r e n c e  s t r i n g  d i s t r i b u t i o n  

i n d i c a t e s  t h a t  s t r i n g s  o f  r e f e r e n c e s  of l e n g t h  10 t o  15 O f t e n  

separated r e f e r e n c e s  t o  f r e q u e n t l y  r e f e r e n c e d  r e c o r d s .  While  t h e  

RAND b u f f e r  manager might  a l low t h e  f r e q u e n t l y  r e f e r e n c e d  records 

t o  remain  i n  t h e  b u f f e r ,  t h e  o t h e r  b u f f e r  managers  w e r e  f o r c e d  t o  

replace them w i t h  t h e  sequence .  

The s i m u l a t i o n  e x p e r i m e n t s  s u p p o r t  o u r  e x p l a n a t i o n .  I n  t h e  

e x p e r i m e n t s  w i t h  t h e  RA1, R 0 1 ,  and  B I l  d i s t r i b u t i o n s ,  t h e  RAND buf -  

fe r  manager c o n s i s t e n t l y  r e q u i r e s  more 1/0 accesses t h a n  t h e  o t h e r  

b u f f e r  managers .  

I n  t h e  s i m u l a t i o n  e x p e r i m e n t s  u s i n g  t h e  s t r i n g  o r i e n t e d  d i s -  

t r i b u t i o n ,  t h e  RAND b u f f e r  manager n e e d s  fewer 1/0 accesses t h a n  any  

of t h e  o the r  b u f f e r  managers  when t h e  v i r t u a l  b u f f e r  s ize  is 5 .  

A t  v i r t u a l  b u f f e r  s izes 10 ,  15 ,  and  20 t h e  RAND b u f f e r  manager 

r e q u i r e s  a r e l a t i v e l y  large number o f  1/0 accesses compared t o  t h e  

o t h e r s .  I n  o u r  s t r i n g  o r i e n t e d  d i s t r i b u t i o n s ,  t h e  s t r i n g  a l w a y s  

r e q u i r e d  6 o r  7 r e c o r d  t r a n s i t i o n s  which  is l o n g  enough t o  make t h e  

RAND b u f f e r  manger advan tageous  o n l y  a t  a v i r t u a l  b u f f e r  s i ze  of 5.  

The 1/0 accesses f o r  t h e  PO1 and POS d i s t r i b u t i o n s  are  shown i n  

Table I V .  

Double page f a u l t s  have  p r e v i o u s l y  been d e f i n e d  as  t h e  number 

of t i m e s  t h e  v i r t u a l  b u f f e r  manger c a u s e s  a page f a u l t  when i t  t r ies  

t o  r e p l a c e  a record.  The d o u b l e  p a g i n g  r a t e  i s  t h e  number of d o u b l e  . 
page f a u l t s  d i v i d e d  by t h e  number of t i m e s  t h e  v i r t u a l  b u f f e r  manager 



:.p 

I 

XequiXeS an 1 / 0  accese. The test bed e x p e r i m e n t s  show that the  IM#D 

buffer manager c o n s i s t e n t l y  has the loveet double p a g i n g  rate and 

t h a t  t h e  lowest d o u b l e  pag ing  rate o c c u r s  when t h e  RAND b u f f e r  manager 

is  combined w i t h  t h e  RAND paging  algorithm. 

The s i m u l a t i o n  r e s u 9 t s  aga in  c o n f i r m  t h e  t e s t  bed r e s u l t s  f o r  

t h e  d o u b l e  p a g i n g  r a t e .  The d o u b l e  pag ing  ra tes  of t h e  FIFO, SCH,  

and  LRU a l g o r i t h m s  are  barely d i s t i n g u i s h a b l e  i n  t h e  t es t  bed e x p e r i -  

m e n t s .  F i g u r e  I11 i l l u s t r a t e s  t h a t  d i f f e r e n t  d i s t r i b u t i o n s  c a n  c a u s e  

a v a r i a n c e  i n  t h e  d o u b l e  paging  r a t e  o f  t h o s e  p r e v i o u s l y  i n d i s t i n g u i s h -  
I 

a b l e  a l g o r i t h m s .  

The d o u b l e  p a g i n g  r a t e  f o r  t h e  RA1 d i s t r i b u t i o n  is  similar t o  

t h e  test bed r e s u l t s .  The l a r g e s t  v a r i a n c e  o f  d o u b l e  p a g i n g  ra te  

among b u f f e r  managers  is  caused by t h e  POS d i s t r i b u t i o n .  The PO1 

a n d  RAS d i s t r i b u t i o n  are  second and  t h i r d  l a r g e s t  i n  t h i s  r e s p e c t .  

When t h e  v i r t u a l  b u f f e r s  a r e  large,  t h e  BI1 a n d  B I S  d i s t r i b i t i o n s  

do n o t  have enough 1/0 a c c e s s e s  t o  p roduce  mean ingfu l  n u m e r i c a l  

comparison of  t h e i r  d o u b l e  paging rates w i t h  t h o s e  of  t h e  o t h e r  

d i s t r i b u t i o n s .  

Re fe rence  f a u l t s  w e r e  d e f i n e d  as t h e  f a u l t s  c a u s e d  by 

r e f e r e n c e s  t o  data c o n t a i n e d  i n  t h e  v i r t u a l  b u f f e r .  

The  r e f e r e n c e  p a g i n g  ra te  i s  d e f i n e d  as  t h e  number o f  r e f e r e n c e  

f a u l t s  d i v i d e d  by t h e  number of  r e c o r d  t r a n s i t i o n s  minus t h e  number 

of 1/0 r e q u e s t s  t o  t h e  d i s k .  I n  t h e  test bed e x p e r i m e n t s ,  t h e  RAND 

b u f f e r  manager  has  a h i g h e r  r e f e r e n c e  p a g i n g  r a t e  t h a n  t h e  o t h e r  

b u f f e r  managers. As t h e  r e a l  memory s i ze  increases t h e  d i f f e r e n c e  

d i s a p p e a r s .  The b u f f e r  managers have s imilar  p r o p e r t i e s  when t h e  

RAS and RA1 d i s t r i b u t i o n s  a r e  u s e d .  F i g u r e  V i l l u s t r a t e s  t h e  h i g h e r  

d o u b l e  p a g i n g  ra te  for t h e  RAND b u f f e r  manager when t h e  RA1 
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d i s t r i b u t i o n  is u s e d .  The d o u b l e  p a g i n g  ra te  of t h e  RAND buffer 

manager r e m a i n s  n o t i c e a b l y  h i g h e r  t h a n  t h e  rest when t h e  compar i sons  

are made a t  h i g h e r  memory s i ze s ,  

and POS algorithms have a p p r o x i m a t e l y  t h e  same reference p a g i n g  ra te  

a s  i l l u s t r a t e d  i n  F i g u r e  V I  f o r  t h e  PO1 d i s t r i b u t i o n  u s i n g  44X of  

memory. The  s i m i l a r i t y  i n  reference p a g i n g  ra te  d o e s  n o t  change  

a s  t h e  rea l  memory s ize  is i n c r e a s e d  u s i n g  t h e  PO1 a n d  POS d i s t r i -  

b u t  i o n s .  

The b u f f e r  managers  u s i n g  t h e  P O 1  

The number of  page  f a u l t s  i n  t h e  v i r t u a l  b u f f e r  (reference 

f a u l t s - +  double  p a g i n g  f a u l t s )  i s  o n l y  s l i g h t l y  a f f e c t e d  by t h e  

b u f f e r  manager i n  t h e  t e s t  bed e x p e r i m e n t s  w i t h  t h e  RAND b u f f e r  

manager i n c u r r i n g  fewer page f a u l t s  i n  t h e  b u f f e r  t h a n  t h e  

o t h e r s .  The range of  v a l u e s  f o r  page  f a u l t s  i n  t h e  v i r t u a l  

b u f f e r  are  s imi la r  and  t h e  b u f f e r  managers behave  s i m i l a r l y  

for  the tes t  bed e x p e r i m e n t s  and t h e  s i m u l a t i o n  w i t h  t h e  BIS 

d i s t r i b u t i o n .  The s i m u l a t i o n s  of t h e  o t h e r  d i s t r i b u t i o n s  a lmos t  

d o u b l e s  t h e  r a n g e  of v a l u e s  fo r  t h e  number o f  page  f a u l t s  i n  

t h e  b u f f e r .  The RAND b u f f e r  manager o f t e n  i n c u r s  f ewer  b u f f e r  

page f a u l t s  t h a n  t h e  o t h e r  b u f f e r  managers .  

ence i n  b u f f e r  f a u l t s  between t h e  RAND b u f f e r  manager a n d  t h e  

o t h e r  b u f f e r  managers is an  i n c r e a s i n g  f u n c t i o n  of t h e  t o t a l  

number o f  b u f f e r  f a u l t s  f o r  a g i v e n  memory s i z e .  

T h e  p e r c e n t  d i f f e r -  

To ta l  1/0 i n  t h e  v i r t u a l  b u f f e r  c o n s i s t s  o f  three components :  

r e f e r e n c e  f a u l t s ,  d o u b l e  p a g i n g  f a u l t s  and  1/0 accesses. I n  

o u r  a n a l y s i s  of t o t a l  1/0 w e  do n o t  d i s t i n g u i s h  between d i s k  

accesses and page  f a u l t s .  

t o t a l  1/0 can d e c r e a s e  as  t h e  v i r t u a l  b u f f e r  s i ze  is i n c r e a s e d .  

Fo r  a l l  test bed e x p e r i m e n t s  and  f o r  a l l  s i m u l a t i o n  e x p e r i m e n t s ,  

The t h e o r e t i c a l  model p r e d i c t s  t h a t  

. 
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t o t a l  I/O i n  t h e  b u f f e r  r e a c h e s  a minimum when t h e  v i r t u a l  

b u f f e r  s ize  is 20 p a g e s .  The t o t a l  1/0 i n  t h e  b u f f e r  f o r  t h e  

R A 1 ,  B11, and  PO1 d i s t r i b u t i o n s  decreases m o n o t o n i c a l l y  w i t h  

i n c r e a s i n g  v i r t u a l  b u f f e r  s i z e  a s  i l l u s t r a t e d  i n  F i g u r e  V I I .  

I n  a l l  t h e  tes t  bed expe r imen t s  a n d  for  t h e  s i m u l a t i o n  e x p e r i -  

m e n t s  w i t h  s t r i n g  o r i e n t e d  d i s t r i b u t i o n s ,  t h e  t o t a l  b u f f e r  

1/0 f o r  a l l  b u f f e r  managers  excep t  RAND is an  i n c r e a s i n g  func-  

t i o n  f o r  s m a l l  v i r t u a l  b u f f e r  s izes and  a d e c r e a s i n g  f u n c t i o n  

when t h e  b u f f e r s  are l a r g e .  The m o n o t o n i c a l l y  d e c r e a s i n g  be- 

h a v i o r  o f  t h e  RAND b u f f e r  manager is  shown i n  F i g u r e  V I 1  u s i n g  

t h e  RAS d i s t r i b u t i o n .  

The a v e r a g e  b u f f e r  s i ze ,  rea l  memory i n  t h e  v i r t u a l  b u f f e r ,  

increases a s  t h e  v i r t u a l  b u f f e r  s ize  i n c r e a s e s  i n  t h e  tes t  bed 

and s i m u l a t i o n  e x p e r i m e n t s .  T h i s  i n c r e a s e  c a u s e s  more page 

f a u l t s  i n  t h e  program and t h e  s y s t e m .  The i n c r e a s e  i n  program 

page f a u l t s  must be combined w i t h  any decrease i n  t o t a l  1/0 

i n  t h e  b u f f e r  t o  p roduce  a t o t a l  cost  o f  e x e c u t i n g  t h e  s c r i p t  

( e x e c u t i o n  c o s t ) .  T h e  e x e c u t i o n  costs  c l o s e l y  p a r a l l e l  t h e  

r e s u l t s  o n  t o t a l  I / O .  Those d i s t r i b u t i o n s  whose t o t a l  1/0 

decreases m o n o t o n i c a l l y  have  e x e c u t i o n  cos ts  t h a t  are  s i m i l a r  

b u t  do  n o t  d e c r e a s e  as  q u i c k l y .  The s t r i n g  o r i e n t e d  d i s t r i -  

b u t i o n s  and tes t  bed e x p e r i m e n t s  show i n c r e a s e s  i n  e x e c u t i o n  

cost  c o r r e s p o n d i n g  t o  t h e  i n c r e a s i n g  t o t a l  1/0 v a l u e s  a t  small  

v i r t u a l  b u f f e r  s izes .  

I n  a l l  t h e  s i m u l a t i o n  e x p e r i m e n t s  t h e  e x e c u t i o n  cost  is 

lower  a t  t h e  l a r g e s t  v i r t u a l  b u f f e r  s i ze  t h a n  when o n l y  one  

v i r t u a l  b u f f e r  is u s e d .  The test bed e x p e r i m e n t s  u s u a l l y  have  
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a s l i g h t l y  h i g h e r  e x e c u t i o n  cost when u s i n g  t h e  l a r g e s t  v i r t u a l  

b u f f e r  size. 

The d i s t r i b u t i o n  o f  d a t a  base r e q u e s t s  i n  t h e  test  bed  

e x p e r i m e n t s  have l o n g e r  s e q u e n c e s  of s t r i n g s  and  c a u s e  almost 

an  o r d e r  of magni tude  fewer record t r a n s i t i o n s  t h a n  t h e  s imula -  

t i o n  d i s t r i b u t i o n s .  The l o n g e r  d t t - ings  c a u s e  t o t a l  I/c) t o  con- 

t i n u e  t o  i n c r e a s e  f o r  a l a r g e r  range of v i r t u a l  b u f f e r  s i ze  

i n  t h e  t es t  bed e x p e r i m e n t .  The lack  of record t r a n s i t i o n s  

p r o h i b i t s  l a r g e  d e c r e a s e s  i n  t h e  c o s t  of e x e c u t i o n  from t h e  

r e d u c t i o n  of 1/0 accesses. 

I n  an  e f f o r t  t o  a n a l y z e  t h e  v a r i a t i o n  i n  r e s u l t s  due  t o  

d o u b l e  pag ing ,  w e  a p p l y  a n a l y s i s  of v a r i a n c e  t o  a l l  t h e  per- 

formance measures  d e s c r i b e d  i n  t h i s  s e c t i o n .  For most of t h e  

pe r fo rmance  measu res ,  e i t h e r  t h e  v i r t u a l  b u f f e r  s ize  or t h e  

main memory s i z e  c a u s e  a s i g n i f i c a n t  amount of t h e  v a r i a t i o n .  

S i m i l a r  resul ts  c o n c e r n i n g  t h e  i n f l u e n c e  of  main memory are 

r e p o r t e d  i n  [ l o ] .  I f  t h e  d o u b l e  p a g i n g  phenomenon w e r e  s i g n i -  

f i c a n t  w e  would e x p e c t  t h e  i n t e r a c t i o n  of t h e  p a g i n g  a l g o r i t h m  

and b u f f e r  manager t o  be s i g n i f i c a n t  compared t o  t h e i r  i n d i -  

vidual e f f e c t s  on t h e  v a r i a n c e .  We have  n o t  found  t h e  i n t e r -  

a c t i o n  t o  be a s i g n i f i c a n t  factor i n  t h e  s i m u l a t i o n  e x p e r i m e n t s  

o r  t h e  test bed  e x p e r i m e n t s .  

VIII. CONCLUSION 

We c o n s t r u c t e d  a s i m u l a t i o n  model t o  e x t e n d  o u r  p r e v i o u s  

r e s u l t s  on t h e  u s e  of v i r t u a l  b u f f e r s .  The model u s e d  t race  

d a t a  g a t h e r e d  from a real  s y s t e m .  Al though a complete r e f e r -  

ence s t r i n g  was n o t  u s e d ,  w e  showed t h r o u g h  o u r  v a l i d a t i o n  
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t h a t  t h e  p a r t i a l  r e f e r e n c e  s t r i n g  w a s  s u f f i c i e n t  t o  v a l i -  

date a comprehens ive  set of 240 e x p e r i m e n t s  u s i n g  3 d i f f e r e n t  

p a g i n g  a lgor i thms.  

The s i m u l a t i o n  model w a s  a l so  u s e d  w i t h  a u n i f o r m  d i s t r i -  

b u t i o n  of random data  b a s e  r eques t s  t o  v e r i f y  a t heo re t i ca l  

model .  The v e r i f i c a t i o n  showed t h a t  t h e  a v e r a g e  b u f f e r  s i z e  

pe r fo rmance  metric c a l c u l a t e d  by t h e  s i m u l a t o r  compensated 

f o r  t h e  i n t e r f e r e n c e  e f f ec t s  of program p a g i n g  i n  t h e  v i r t u a l  

b u f f e r .  

An e x t e n s i v e  set  of s i m u l a t i o n  e x p e r i m e n t s  w a s  conduc ted  

t o  compare t h e i r  per formance  w i t h  t h e  pe r fo rmance  of a set 

of  t e s t  bed  e x p e r i m e n t s  conducted  i n  a l a b o r a t o r y  env i ronmen t .  

The tes t  bed e x p e r i m e n t s  a l l  used t h e  same d a t a  base manager 

and s c r i p t .  

S i m u l a t i o n  w a s  r e q u i r e d  i n  o rde r  t o  v a r y  t h e  d i s t r i b u t i o n  

of  data  base r e q u e s t s  i n  a c o n t r o l l e d  env i ronmen t .  T h e  test 

bed e x p e r i m e n t s  and  t h e  s i m u l a t i o n  r e s u l t s  f o r  s t r i n g  o r i e n t e d  

d i s t r i b u t i o n s  had a s i m i l a r  effect  on  t h e  1/0 accesses generated 

by t h e  RAND b u f f e r  manager.  The d o u b l e  p a g i n g  r a t e s ,  r e f e r e n c e  

p a g i n g  ra tes  and  number of page f a u l t s  i n  t h e  b u f f e r  

were comparable  for  t h e  s i m u l a t i o n  e x p e r i m e n t s  a n d  t h e  t e s t  

bed e x p e r i m e n t s .  The t o t a l  1/0 i n  t h e  v i r t u a l  b u f f e r  

i s  s imilar  f o r  t h e  s i m u l a t i o n s  u s i n g  s t r i n g  o r i e n t e d  d i s t r i b u -  

t i o n s  and  t h e  tes t  bed e x p e r i m e n t s .  The e x e c u t i o n  cos t s  of t h e  

s i m u l a t i o n  s t u d i e s  are  less than  t h e  cost  i n  t h e  tes t  bed ex-  

p e r i m e n t ,  b u t  t h e  d i f f e r e n c e s  a re  u n d e r s t a n d a b l e  when cer ta in  

p r o p e r t i e s  of t h e  s i m u l a t e d  d i s t r i b u t i o n s  a r e  c o n s i d e r e d .  

The a n a l y s i s  of v a r i a n c e  showed n o  s i g n i f i c a n t . i n t e r a c t i o n  of  

19 



the paging algorithm and buffer manager over a number of metrics 

in both the simulation results and test bed results, 

The general agreement between the simulation results and 

the test bed results reinforces our previous studies. The 

differences that appeared were reasonable and justifiable. 

The simulator supported our previous identification of those 

performance factors which were dependent on the script. We 

gained confidence in the simulator as a tool for further ex- 

perimentation in the use of virtual buffers. 
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V I W ' U U  U F E R  SIZE 

5 10 

662 1216 
576 1262 

4.84 8.84 
4.82 8.86 

BUFFER WNAGERS 
VIRTUAL BiFFER TEST BED S I W L A T  ION 

10 

15 283 

20 165 1 W  

TABLE I 

Comparison of the nlnbcr of I / O  accesses generated by the buf fer  
managerr i n  t k  test  bed and simulation experiments. 

*RAM0 valuer are averages taken fnn 4 d i f ferent  seeds i n  the r a n d a  
n u b c r  generator. 

Page fau l ts  

Average buff size 

Reference fau l ts  

Double page fau l ts  

Reference SCtS 

wan 

Standard dev iat ion 

BRP 

PRE 

1 

263 
237 

1.00 
.99 

4 
1 

3 
6 

4105 
461 1 

33.43 
28.50 

27.62 
38.02 

1 
7 

7 
6 

13 49 
9 58 

42 131 
39 118 

11632 18052 
10198 17124 

10.B4 6.04 
10.69 6.12 

10.2? 7.06 
12.M 7.43 

50 158 
43 156 

45 150 
38 I 4 8  

15 

1168 
1798 

11.45 
11.22 

129 
131 

194 
195 

22464 
21313 

4.44 
4.40 

6.b2 
1.06 

210 
266 

261 
257 

20 

1932 
1900 

11.98 
11.81 

294 
286 

a4 
88 

22824 
221 54 

4.10 
4.01 

6.65 
6.83 

318 
310 

308 
301 

T M L E  I 1  

S n p l e  set of .~c~sures for va l idat ion w i th  t e s t  bed data f o l l a c d  
by simulated data f o r  RM paging a l g o r i t k .  F I F O  buffer mruqcr and 
44K of rea l  w r y .  

8 

I /O ACCESSES 

Model -- Sinr la tor  

V i r tua l  l l n o r y  Sizes (13831 data 
Buffer bare requests 
Size 36U 4 M  44K 481: w l f h 4 5 )  ~ - - - -  
1 13528 13532 13528 13529 13523 

5 12249 12322 12292 12299 12294 

10 10781 1381; 10134 10130 10758 

I S  9276 9235 9152 9248 9222 

20 7739 7190 7131 7798 1684 

PAGE FAULTS IN THE YIQTUAL BUFFER 

~. Sin.1 ator M o o  
Using the h corrcrpondlng 

t o  the nenory size 

- _ _ _  361: (OK 44K 4BK 2 fi 3 
1 59 27 6 3 0 0 0 0  

5 395 205 58 15 359 193 55 21 

10 930 542 253 55 8Zd 530 248 41 

15 1582 1343 546 211 16.:) 958 561 193 

20 2507 1622 1048 476 2 4 M  1611 1002 462 

TABLE I:! 

S h l a t o r  valuer for RAND paqing a lgor i thn.  RAND buffer manager 
uniform d l r t r i bu t l on  canpared to p r c d i c t i w :  o f  t k  thCoretlCal'OPde1 

and 

BUFFER MANAGERS 

WS Olst r ibut ion PO1 O is t r i bu t i on  

VIRTUAL BUFFER 
SI' ~. FIFO SCH LRU U N O  ,~ F I F O  SCH LRU U N O  

l25W 12500 125W 12500 9236 9236 9236 9236 

8014 7338 7775 8096 9226 9226 9231 6121 

4372 3870 3493 4415 3725 3172 2665 3462 

2246 1587 1382 2210 1769 1309 1153 1635 

I 1091 653 554 1142 776 499 391 181 

TABLE I V  

The I/O accesses generated by the buffer Mndgerr In  s inu lat lon 
expsr i lents  using the W1 and POS d is t r i bu t i on .  


